Probing the Survival of Planetary Systems in Globular Clusters with
  Tidal Disruption Events by Kremer, Kyle et al.
Draft version August 23, 2019
Typeset using LATEX twocolumn style in AASTeX62
Probing the Survival of Planetary Systems in Globular Clusters with Tidal Disruption Events
Kyle Kremer,1 Daniel J. D’Orazio,2 Johan Samsing,3 Sourav Chatterjee,4 and Frederic A. Rasio1
1 Department of Physics & Astronomy and Center for Interdisciplinary Exploration & Research in Astrophysics (CIERA), Northwestern
University, Evanston, IL 60208, USA
2Department of Astronomy, Harvard University, 60 Garden Street Cambridge, MA 01238, USA
3Department of Astrophysical Sciences, Princeton University, Peyton Hall, 4 Ivy Lane, Princeton, NJ 08544, USA
4Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400005, India
ABSTRACT
Among the growing list of confirmed exoplanets, the number of planets identified in dense star clusters
remains sparse. Previous analyses have suggested this may be due in part to dynamical interactions
that unbind large fractions of planets from their host stars, limiting the survival of planetary systems
in clusters. Thus, alternative detection strategies may be necessary to study planets in clusters that
may no longer be bound to a host star. Here, we use the cluster Monte Carlo code CMC to explore the
evolution of planetary systems in dense star clusters. Depending on a number of initial conditions, we
show that 10 − 50% of primordial planetary systems are broken through dynamical encounters over
a cluster’s full lifetime, populating clusters with “free-floating” planets. Furthermore, a large number
(30− 80%) of planets are ejected from their host cluster through strong dynamical encounters and/or
tidal loss. Additionally, we show that planets naturally mix with stellar-mass black holes (BHs) in the
central regions of their host cluster. As a consequence, up to a few hundreds of planets will be tidally
disrupted through close passages of BHs. We show these BH–planet tidal disruption events (TDEs)
occur in clusters at a rate of up to 10−5 yr−1 in a Milky Way-type galaxy. We predict BH–planet TDEs
should be detected by upcoming transient surveys such as LSST at a rate of roughly a few events per
year. The observed rate of BH–planet TDEs would place new constraints upon the formation and
survival of both planetary systems and BHs in dense star clusters. Additionally, depending on various
assumptions including the initial number of planets and their orbital properties, we predict typical
globular clusters may contain roughly a few dynamically-formed NS–planet systems and up to roughly
100 WD–planet systems.
Keywords: globular clusters: general–stars: black holes–planet-star interactions–methods: numerical
1. INTRODUCTION
It is now generally accepted that planets are ubiqui-
tous in the universe (e.g. Dressing & Charbonneau 2013;
Fressin et al. 2013; Petigura et al. 2013; Mulders et al.
2015; Winn & Fabrycky 2015). Despite the fact that
one of the first confirmed exoplanets was identified in
the Milky Way globular cluster (GC) Messier 4 in orbit
with a millisecond pulsar (Lyne et al. 1987; McKenna
& Lyne 1988; Sigurdsson 1993; Thorsett et al. 1999),
the growing catalogue of exoplanet detections has shown
that planets found in star clusters are far from the norm.
Indeed, of the roughly 4,000 confirmed exoplanets to
date, only 30 have been observed in star clusters (see,
e.g., Cai et al. (2019) for a summary). Furthermore, the
PSR B1620-26 b exoplanet still stands alone as the only
exoplanet observed in a GC, despite extensive efforts to
identify exoplanets in Milky Way GCs such as 47 Tuc
(e.g. Gilliland et al. 2000; Weldrake et al. 2005; Masuda
& Winn 2017).
The noticeable lack of observed exoplanets in GCs
suggests that environmental processes unique to dense
star clusters may limit the survivability, and perhaps
even formation, of planetary systems (e.g., Adams et al.
2006; Malmberg et al. 2007; Proszkow & Adams 2009;
Spurzem et al. 2009; Parker & Quanz 2012; Hao et al.
2013; Cai et al. 2019). For example, stellar encounters
occurring while a protoplanetary disk is still present
may lead to a truncation of the disk, thereby altering
or limiting the planet formation process (e.g., Clarke &
Pringle 1993; Ostriker 1994; Portegies Zwart 2016). Fur-
thermore, planetary systems that survive this formation
stage in a star cluster will be influenced by subsequent
weak and strong encounters that will affect the internal
dynamics of the planetary systems (e.g., Hurley & Shara
2002). Additionally, planet formation is expected to de-
pend in a significant way upon metallicity (e.g., Fischer
& Valenti 2005; Brewer et al. 2018). In low-metallicity
environments like GCs, planet formation (particularly
giant-planet formation) may be less pronounced com-
pared to high-metallicity environments. Thus, over the
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past several decades, the prospects for identifying large
numbers of exoplanets systems that have survived to the
present day in old star clusters have become increasingly
bleak on the basis of both observational and theoretical
arguments.
However, despite the above-mentioned challenges and
the observational null results, it is not clear whether
GCs truly are devoid of planets. Most ground-based
transit searches for giant planets in star clusters are sta-
tistically insignificant (e.g., van Saders & Gaudi 2011).
Furthermore, perhaps the observational null results of
transit surveys arise simply because only a small frac-
tion of cluster planets are in a transiting architecture. If
a large number of planets are unbound from their host
star, for example as a consequence of the various dy-
namical processes relevant in star clusters, alternative
detection strategies are needed.
From a computational perspective, the topic of the dy-
namical evolution of planetary systems in star clusters
has been explored by a number of analyses, particularly
in the less massive open-cluster regime. For example,
Hurley & Shara (2002) used direct N -body models with
up to 2.2×104 stars to show that planets can be liberated
from their host star through dynamical encounters, pri-
marily within the cluster core, creating a population of
free-floating single planets in the cluster. Later work by
Spurzem et al. (2009) studied the topic with both direct
N -body models and a hybrid Monte Carlo method to
model clusters of up to 3×105 stars of a single mass and
showed similar results, namely that a significant number
of planetary orbits will be perturbed (and in some cases,
unbound) through close dynamical encounters. More re-
cently, Chatterjee et al. (2012) showed that a large frac-
tion of planetary orbits in massive open clusters similar
to NGC 6791 in Kepler’s field of view, a cluster with
roughly three orders of magnitude lower central density
compared to typical GCs, can remain intact. Even in
this case, it may be difficult for Kepler to detect a large
fraction of planets due to crowding and their adopted
observation strategy (Chatterjee et al. 2012). See also
computational work on the topic of planets in star clus-
ters by, e.g., Parker & Quanz (2012); Hao et al. (2013);
Hamers & Tremaine (2017); Cai et al. (2019).
Over the past decade, prospects for identifying stellar-
mass black hole (BH) populations in GCs have seen a
boom in interest. A plethora of observational (e.g., Mac-
carone et al. 2007; Strader et al. 2012; Giesers et al.
2018) and theoretical (e.g., Mackey et al. 2007; Morscher
et al. 2015; Kremer et al. 2018a; Askar et al. 2018;
Weatherford et al. 2018; Askar et al. 2019; Kremer et al.
2019a) evidence now suggests that some clusters retain
hundreds to thousands of BHs at present. These BH
populations have important implications for the forma-
tion of gravitational wave sources (e.g., Askar et al. 2017;
Banerjee 2017; Hong et al. 2018; Fragione & Kocsis 2018;
Samsing & D’Orazio 2018; Rodriguez et al. 2018a), low-
mass X-ray binaries (e.g., Heinke et al. 2005; Ivanova
2013; Giesler et al. 2018; Kremer et al. 2018b), and also
tidal disruption events (TDEs; Perets et al. 2016; Lopez
et al. 2019; Samsing et al. 2019; Kremer et al. 2019b).
In this paper, we use our cluster Monte Carlo code CMC
to explore the survival of planetary systems in massive
and dense GCs with up to 8 × 105 stars, core radii of
. 1 pc, realistic cluster initial stellar mass functions, and
stellar evolution prescriptions that incorporate our most
up-to-date understanding of compact object formation.
We show that a large fraction of primordial planetary
systems are broken apart through strong dynamical en-
counters by the time the cluster has a reached a typi-
cal present-day age (roughly 12 Gyr). Furthermore, we
show that through their interaction with stellar-mass
BHs, planets frequently undergo tidal disruption events
(TDEs). The concept of stellar-mass-BH–planet TDEs
was first discussed in Perets et al. (2016), which noted
that due to the low mass ratio between the two objects,
these events should behave qualitatively similar to the
widely studied stellar TDEs by supermassive BHs. Here,
we present the first study to explore BH–planet TDEs
in the context of full-scale cluster models.
The paper is organized as follows: In Section 2, we
present simple analytic predictions for the survivability
of planetary systems in GCs and the rate of BH–planet
TDEs. In Section 3, we describe the cluster models used
in this study and discuss the results from these models
in the context of the predictions made in Section 2. In
Section 4, we discuss the potential detectability of BH–
planet TDEs and in Section 5, we describe several other
observational prospects. We discuss our results and con-
clude in Section 6.
2. ANALYTIC MOTIVATION
In this section, we present several analytic estimates
of rates of encounters relevant to planets in typical GCs.
The goal of this section is to simply motivate the vari-
ous types of interactions which will be explored in more
detail using our full-scale cluster simulations in Sec-
tion 3. We begin in Section 2.1 by discussing the rate
at which a planet–star binary is expected to undergo
strong binary–single encounters with single stars (non-
BHs) within both the core and halo of a GC. We briefly
discuss the nature of these encounters (for example, are
they impulsive or resonant?) and discuss the implica-
tions these encounters have on the overall survival of
primordial planet–star binaries. In Section 2.2, we go
on to discuss the specific case where planet–star bina-
ries interact with stellar-mass BHs and also predict the
rate of planet–BH encounters that may lead to a tidal
disruption of the planet.
2.1. Dynamical disruption of planetary systems
A single planet–star binary will undergo strong en-
counters (where “strong” indicates an encounter where
the pericenter distance, rp, between the planet–star bi-
nary and an incoming single star is of order the planet–
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star semi-major axis, ap) with other single stars
1 in the
cluster at a rate given by
Γstrong = ns(pia
2
p)v∞
[
1 +
2GMtot
apv2∞
]
(1)
where ns is the number density of single stars (i.e. any
object that is not a planet or BH in the cluster), v∞ is
the relative velocity of the binary–single pair at infinity,
and Mtot is the total mass of the three-body system.
Adopting values representative of typical GCs (ns =
104 pc−3 and v∞ = 10 km s−1) and assuming ap =
5 AU and Mtot = 2M, we predict planet–star bina-
ries within the core of their host cluster undergo strong
encounters with other single stars at a rate of roughly
ΓPS−Sstrong(core) ≈ 2 Gyr−1.
In the outer parts of a typical cluster (i.e., at a
radial position of twice the half-mass radius), where
ns ≈ 500 pc−3 and v∞ ≈ 2 km s−1 are more typical,
the rate that a planet–star binary will undergo strong
binary–single encounters is roughly 0.35 Gyr−1. Thus,
planetary systems within both a cluster’s core and halo
will likely undergo multiple strong encounters through-
out the lifetime of the cluster.
Broadly, strong binary–single encounters can be
grouped into several categories determined by the value
of the relative velocity of v∞ compared to vc (the value
of v∞ for which the total energy of the binary–single
system is zero; see Equation 1 of Fregeau et al. (2006))
and vorb (the orbital velocity of the incoming binary).
In the v∞ < vc regime, the total energy of the sys-
tem is negative. These encounters are expected to be
resonant, meaning that the encounter will survive for
several orbital times Heggie & Hut (2003). However,
for planetary systems, vc is generally much lower than
the typical cluster velocities (vc . 1 km s−1 compared to
v∞ ≈ 10 km s−1), thus resonant encounters for planetary
systems are rare. Instead, planetary systems will more
often undergo strong encounters in the impulsive regime,
where the total energy is positive and the encounter is
better characterized by a single close fly-by. In the
impulsive regime, preservation, exchange, and ioniza-
tion are all possible, the latter two of which will break
apart the original planetary system. As described in
Fregeau et al. (2006), for binary–single encounters with
non-equal component masses, an intermediate regime
where vc < v∞ < vorb is also possible. Indeed, for
GCs with v∞ ≈ 10 km s−1 and planet–star binaries with
vorb ≈ 13 km s−1(assuming Ms = M, Mp = MJ, and
a = 5 AU), this regime may even be most likely. In
this intermediate regime, exchange and ionization are
roughly comparable. We direct the reader to Fregeau
1 Planet–star binaries will also undergo interactions with other
binaries (binary–binary interactions). We focus in this section on
the binary–single case for simplicity, but include binary–binary
interactions in our cluster simulations described in Section 3.
et al. (2006) for a detailed discussion of the different
outcomes of binary–single interactions with planet com-
ponents.
As a result of ionizations and exchanges occurring
through strong encounters in both a cluster’s core and
halo, we expect the total number of primordial planet–
star binaries to decrease throughout the lifetime of the
cluster, with the total number of surviving systems de-
pending upon the orbital parameters (here, the initial
semi-major axis) of the planetary systems at birth (see
also, e.g., Hurley & Shara 2002). Once unbound from
their host stars, these ejected single planets will either
“wander” about the host cluster until undergoing a sub-
sequent dynamical interactions with other objects or, if
ejected from their host star with sufficient velocity, will
escape from the host cluster entirely (Cai et al. 2019).
Even for those single planets retained in the cluster ini-
tially after being separated from the host star, the ulti-
mate fate may still be escape from the cluster through
mass-segregation (e.g., Hurley & Shara 2002). Thus, we
expect the total number of planets to decrease through-
out the lifetime of a cluster.
We also note that in addition to strong encounters
with rp of order the planet–star semi-major axis, more
distant weak encounters may also play a role in the dy-
namical evolution of planetary systems in GCs (e.g.,
Spurzem et al. 2009; Cai et al. 2017). In contrast to the
strong regime, where the orbital parameters of a binary
can be significantly perturbed by a single encounter, the
more common weak encounters act through a cumula-
tive process to perturb binary orbits. For example, Cai
et al. (2017) noted that in the less-massive open cluster
regime (N ∼ 104) where strong encounters are signif-
icantly more rare than in GCs, weak encounters may
in fact play a dominant role in determining the long-
term outcome of planetary systems in a cluster. Fur-
thermore, Hamers & Tremaine (2017) explored the out-
comes of strong and weak interactions including tidal
effects for planetary systems within a typical GC and
showed that the cumulative effect of many weak encoun-
ters with tides may be high-eccentricity migration and
the formation of close planet–star binaries (“hot/warm
Jupiters”). As noted in Hamers & Tremaine (2017), at
most 1 − 2% of planetary systems in a typical cluster
are converted to hot Jupiters through such mechanisms,
therefore this process is unlikely to be important to the
total population. In this analysis, we focus our attention
on strong encounters, which in typical GCs of masses
few×105M, are expected to be most important from
an energy-generating perspective (e.g., Fregeau & Rasio
2007) and we simply note that, as explored in a number
of previous analyses, inclusion of weak encounters may
have an additional (albeit small) effect on the survival
of planetary systems in GCs.
2.2. Interactions of planets with black holes
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One special subset of the strong encounters described
by Equation 1 is the case where the third star incident
upon the planet–star system is a stellar-mass BH. As
discussed in Kremer et al. (2018b) in the context of form-
ing BH–star binaries, the rate of interaction of BHs with
less-massive stellar populations depends not on the total
number of BHs in the cluster but on the number of BHs
within the region of the clusters where these populations
mix and the density of this “mixing zone” is related to
the total number of BHs in a complex way.
Assuming a typical stellar BH mass of 20M and
adopting values characteristic of the BH mixing zone (as
motivated by simulations performed in previous work
such as Morscher et al. (2015) and Kremer et al. (2018b)
and as will be confirmed in Figure 3), we estimate that
planet–star binaries undergo strong binary–single en-
counters with single BHs at a rate of
ΓPS−Bstrong ≈ 1.5 Gyr−1
( nBH
103 pc−3
)( ap
5 AU
)
×
( MBH
20M
)( v∞
10 km/s
)−1
, (2)
where we have assumed gravitational focusing domi-
nates.
Thus, within the mixing zone, a planetary system un-
dergoes strong encounters with BHs at a rate compara-
ble to strong encounters with other stars. However, only
a small fraction (. 10%, as will be shown in Section 3) of
all planetary systems are found within the mixing zone,
thus throughout the entire cluster, the full population
of planetary systems are more likely to undergo strong
encounters with non-BHs.
As planets are ionized from their host stars or ex-
changed into new binaries with other objects, other com-
binations of strong encounters involving BHs and plan-
ets become possible beyond the planet–star binary plus
BH single case considered in Equation 2 (for example,
BH–BH binary plus planet single, BH–planet plus BH
single, etc.) Equation 2 is intended to simply demon-
strate that binary-mediated interactions with BHs and
planets are common within a cluster’s core. We explore
these various other combinations of encounters in more
detail in Section 3.3.
2.2.1. Tidal disruption events
As planets (and stars) interact with BHs within the
dense core of a cluster, they will occasionally undergo
sufficiently close (gravitationally focused) encounters
such that the planet or star may be tidally disrupted
by the BH. In the standard picture, this requires a close
passage in which the pericenter distance of the pair of
objects is less than some characteristic tidal disruption
radius, RT. The tidal disruption radius is related to the
density of the object to be disrupted, and for objects
with roughly uniform density such as low-mass stars
Planet
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Figure 1. Cartoon illustration of the dynamical encounters
relevant to the evolution of planets in GCs. Shown here are
three different outcomes for the dynamical evolution of a typ-
ical primordial planet–star system: (1) A planet–star system
that is broken apart by an impulsive strong encounter, ulti-
mately leading to a TDE through a single–single encounter
with a BH. (2) A planet that exchanges into a binary with a
BH companion and is ultimately ejected from the host clus-
ter through a subsequent BH encounter. (3) A single planet
that undergoes a resonant encounter with a compact BBH
(to be discussed further in Section 4.3).
and planets, can well-approximated using the classic for-
mula of, e.g., Fabian et al. (1975), RT ≈ (MBH/M)1/3R,
where R and M are the radius and mass of the object to
be disrupted. A number of recent analyses have explored
the tidal disruption of stars by BHs in dense star clus-
ters and have shown these TDEs occur at a rate of up to
10−6 events per year in a Milky Way-like galaxy (Perets
et al. 2016; Lopez et al. 2019; Samsing et al. 2019; Kre-
mer et al. 2019b). Furthermore, it was shown in Kremer
et al. (2019a) that in realistic clusters, BH–star TDEs
most commonly involve M-dwarfs, simply because M-
dwarfs are expected to dominate the mass function in
typical GCs (Kroupa 2001). Specifically, this analysis
showed that the median mass of main-sequence stars
disrupted by BHs is roughly 0.5M.
Although Jupiter-like planets are comparable in ra-
dius to M-dwarfs, they are a factor of up to 100 times
less massive. This implies the tidal disruption radius of
Jupiter-like planets is roughly a factor of a few times
larger than that of M-dwarfs. Thus, if the total number
of planets and M-dwarfs is roughly comparable, we ex-
pect the rate of BH–planet TDEs to be larger than that
of BH–star TDEs.
To quantify, the total rate of TDEs of planets by BHs
through single–single encounters in a typical dense star
Planets in Globular Clusters 5
Table 1. Cluster properties for all model GCs
Model NP, i NP (×104) at 12 Gyr NP (×104) ejected BH-P binaries (8-12 Gyr) BH–P TDEs
single binary single binary total N 〈nenc〉 〈tlifetime/Myr〉 sin–sin bin–sin bin–bin total
1 105 3.0 2.1 1.4 3.4 4.8 60 3.5 24.8 35 25 2 62
2 2× 105 5.1 3.1 3.6 8.0 12.0 216 4 7.2 84 53 5 142
3 3× 105 6.0 3.6 6.4 13.7 20.1 251 5 6.8 164 94 15 273
4 4× 105 6.2 1.9 11.4 20.3 31.7 443 5 2.7 427 164 22 613
5α 4× 105 5.8 4.8 9.8 19.5 29 1016 3 6.1 156 73 13 242
6β 2× 105 1.2 12.9 0.7 5.0 5.7 107 4.6 55.7 10 118 21 149
Note—Initial and final properties for all cluster models used in this study. Column 2 lists the initial number of planetary systems, NP, i, for
each model. Columns 3 and 4 show the total number of single planets and planet–star binaries retained at 12 Gyr, respectively. Columns
5 and 6 show the cumulative number of planets ejected from their host cluster as isolated objects and as members of a planet–star binary.
Column 7 shows the total number of planets ejected. Column 8 shows the number of distinct BH–planet binaries formed at late times (see
Section 3.3) and columns 9 and 10 show the median number of encounters and lifetimes of these BH–planet binaries, respectively. Columns
11, 12, and 13 show the number of BH–planet TDEs that occur through single–single (sin–sin), binary–single (bin–sin), and binary–binary
(bin–bin) encounters, respectively and column 14 shows the total number of BH–planet TDE. For models 5 and 6, we vary cluster parameters
aside from the initial number of planets. αFor model 5, we assume an initial virial radius of 2 pc (as opposed to the fiducial value of rv = 1 pc
used for other models). βFor model 6, we assume all primordial planet systems are born with an initial semi-major axis of 1 AU (as opposed
to the fiducial value of 5 AU).
cluster can be estimated by
ΓTDE = np(piR
2
T)v∞
[
1 +
2G(Mp + MBH)
RTv2∞
]
NBH
≈ 40 Gyr−1
( np
104 pc−3
)(Rp
RJ
)(Mp
MJ
)−1/3
×
( MBH
20M
)4/3( v∞
10 km/s
)−1(NBH
1000
)
. (3)
Here Rp and Mp are the radius and mass of a planet (we
assume the mass and radius of Jupiter is typical). We
have also assumed a typical BH of mass 20M. Note
that the characteristic values assumed for the number
density of planets, np, and the total number of BHs,
NBH, within the mixing zone will be discussed further
in Section 3 (specifically, see Figure 3). Thus over the
full lifetime of the cluster, we predict roughly 500 total
BH–planet TDEs.
In addition to occurring through single–single encoun-
ters, BH–planet TDEs can also occur during binary-
mediated dynamical encounters (such as the planet–star
binary plus BH single encounters described by Equa-
tion 2), if during the encounter the BH and planet pass
sufficiently close to one another. We explore the rela-
tive contribution of single–single encounters and binary-
mediated encounters to the overall BH–planet TDE rate
in Section 3.
Figure 1 illustrates the characteristic dynamical en-
counters relevant to the evolution of planet–star systems
in GCs that have been discussed in this section.
3. GLOBULAR CLUSTER MODELS
3.1. Computational method
To explore the interaction history of planetary systems
in clusters, from initial distribution to final ejection or
disruption, we create a set of cluster models using the
cluster Monte Carlo code, CMC (Joshi et al. 2000, 2001;
Fregeau et al. 2003; Umbreit et al. 2012; Pattabiraman
et al. 2013; Chatterjee et al. 2010; Chatterjee et al. 2013;
Rodriguez et al. 2018b). Although the analytic predic-
tions presented in the previous section provide motiva-
tion, a more detailed approach such as that provided by
CMC is necessary to explore the intricacies of the dynam-
ics relevant in a realistic cluster. CMC incorporates a vari-
ety of physical processes expected to play an important
role in the large-scale structural evolution of the cluster
as a whole as well as in the formation and evolution of
BHs including two-body relaxation (Henon 1971; He´non
1971), stellar (and binary) evolution (Hurley et al. 2000,
2002; Chatterjee et al. 2010), three-body binary forma-
tion (Morscher et al. 2015), galactic tides (Chatterjee
et al. 2010), and small-N gravitational encounters cal-
culated using Fewbody (Fregeau et al. 2004; Fregeau &
Rasio 2007), updated to incorporate post-Newtonian ef-
fects in all three- and four-body encounters (Rodriguez
et al. 2018b).
To treat the evolution of planetary systems, we follow
the approach outlined in Chatterjee et al. (2012). We
assume that a fraction of low-mass (M ≤ M) main-
sequence stars are born with a Jupiter-like planet com-
panion (Mp = MJ and Rp = RJ). For simplicity, we as-
sume all planet–star systems are born with a fixed semi-
major axis (1 AU or 5 AU, depending on the model)
and zero eccentricity. From a computational perspec-
tive, these planet–star systems are treated by CMC in the
same manner as stellar binaries. For a detailed descrip-
tion of how binaries are evolved in CMC, see Fregeau &
Rasio (2007).
Note that we neglect here the complex processes rele-
vant to the formation of planetary systems. These pro-
cesses include a detailed treatment of the collapse of a
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protoplanetary disk, etc. which is well beyond the com-
putational scope of CMC, however see, for example, Cai
et al. (2019) for a discussion of some of these processes
in the context of dense star clusters. Here we remain
agnostic to the processes which govern the efficiency of
planet formation at early times and simply vary the to-
tal number of planet–star systems at birth to explore
the effect of the complex and interdependent dynamical
processes inside a dense cluster. We also ignore tidal
effects, which may occasionally lead to the formation
of close binaries through tidal capture during close dy-
namical encounters (e.g., Samsing et al. 2017a, 2018)
and also eccentricity-migration and ensuing tidal inter-
actions that may lead to the formation of close planet–
star binaries, as explored in Hamers & Tremaine (2017).
As discussed in Section 2, when single planets and
planet–star systems interact with stellar-mass BHs, a
natural outcome is the tidal disruption of planets by the
BHs. We handle BH–planet TDEs in the same man-
ner as discussed in Kremer et al. (2019b) for BH–star
TDEs. Here we assume in all models that dynamical
encounters that lead to pericenter passages within the
tidal disruption radius, rp ≤ RT = (MBH/Mp)1/3Rp,
lead to a TDE.
We run a set of six independent cluster models. A
variety of cluster parameters are fixed including the
initial total number of objects, for which we assume
N = 8 × 105, the initial King concentration parame-
ter (W0 = 5), metallicity (Z = 0.05Z), galactocen-
tric distance (rg = 8 kpc), and stellar binary fraction
(fb = 5%). As shown in several previous analyses (e.g.,
Kremer et al. 2019a), these various cluster properties re-
sult in GCs that are similar to typical Galactic GCs at
the present-day. We vary the total number of planet–
star systems at birth (Np = 10
5, 2 × 105, 3 × 105, and
4 × 105), the initial cluster virial radius (rv = 1 and 2
pc), as well as the orbital separation of planetary sys-
tems at birth (a = 1 AU and 5 AU). Table 1 lists the
initial parameters of all models as well as various model
properties at 12 Gyr.
3.2. Planet populations throughout cluster lifetime
In Figure 2, we show the time evolution of various
cluster populations for model 2 (top panel) and model
6 (bottom panel) in Table 1. In dashed gray, we show
the number of MS–planet binaries retained in the clus-
ter, in green, the number of retained single planets, in
black, the cumulative number of planets that have been
ejected from the cluster, and in blue (the right-hand ver-
tical axes), we show the total number of retained BHs in
each model. The only difference between the two models
shown in Figure 2 is the orbital separation assumed for
the planetary systems at birth (5 AU for model 2 and 1
AU for model 6).
From Equation 1, we see that the rate of dynamical
encounters increases with the semi-major axis. There-
fore, we expect that by adopting a smaller value for the
Figure 2. Top panel: The time evolution of the number
of retained MS–planet binaries (dashed gray), retained sin-
gle planets (which were unbound from their primordial MS
companions through dynamical encounters with other stars;
green), cumulative number of planets ejected (black), and
total number of retained BHs (blue) for model 2 in Table 1.
Bottom panel: Same as top panel but for model 6. Models
2 and 6 are identical except for the orbital separation as-
sumed for planetary systems at birth (a = 5 AU and 1 AU,
respectively).
orbital separation, fewer planetary systems will undergo
encounters that can potentially unbind the planets from
the primordial companion star. Figure 2 reveals this to
be the case: inspection of the figure shows that about
a factor of 5 more planet–star binaries and roughly a
factor of 5 less single planets are found in the 1 AU case
compared to the 5 AU case, as expected from the factor
of 5 change in semi-major axis between the two models.
Comparing the top and bottom panels, we see that
1.3×105 planet–star binaries (roughly 65% of the initial
population) remain intact by 12 Gyr for the a = 1 AU
assumption, versus only 3×104 planet systems (roughly
15% of the initial population) for the a = 5 AU assump-
tion. Likewise, a much small number of planets have
been ejected from the cluster (5.7×104 versus 1.2×105)
when a smaller initial orbital separation is assumed. As
can be seen from inspection of columns 5 and 6 of Ta-
ble 1, of the planets that are ejected from the cluster
in model 6, a relatively high fraction are ejected as a
member of a binary (i.e., they are still bound to their
host star) as opposed to being ejected as single planets
that have been unbound from their host stars. This is
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Figure 3. Radial profiles of planets (green), BHs (black), neutron stars (red), white dwarfs (blue), and all stars (yellow)
for model 2 at three different time snapshots (from left to right: 100 Myr, 1 Gyr, and 10 Gyr). The shaded gray regions give
a visual representation of the mixing zone where the BH and planet populations overlap, as described in the text. Note that
the BH and planet populations overlap radially throughout the entire evolution of the cluster, setting the stage for dynamical
formation of BH–planet binaries and BH–planet TDEs.
anticipated: more compact planet systems have higher
binding energies and thus are less likely to be unbound
from their host star in the event of a dynamical encoun-
ters.
Planet–star binaries can escape from their host cluster
through two mechanisms: dynamical ejections, where
the binary acquires sufficient energy from a dynamical
encounter to escape the potential well of the cluster, and
tidal loss through mass-segregation, where the object’s
radial position simply extends beyond the cluster’s tidal
radius. Although we allow for both methods in CMC (see
Chatterjee et al. (2010) for review of our tidal treat-
ment), for simplicity, we do not differentiate the sys-
tems that escape through these two mechanisms in Fig-
ure 2. We do note here that for models 1–5 (which adopt
a = 5 AU for initial planet orbits) roughly 60% (40%)
of planetary systems escape through dynamical ejections
(tidal loss) while for model 6 (which adopts a = 1 AU),
roughly 20% (80%) escape through dynamical ejections
(tidal loss). As low-mass objects, all planet–star bi-
naries naturally tend toward the outer parts of their
host cluster through mass-segregation processes where
escape through the tidal boundary becomes more likely.
However, wider planet–star binaries are more likely to
undergo strong dynamical encounters en route to the
tidal boundary which contributes to larger numbers of
dynamically-ejected planets. We reserve for a future
analysis a more careful study of the specific mechanisms
through which planets are ejected from clusters and, in
particular, how the relative rates of these mechanisms
change with initial planet properties and cluster prop-
erties.
The final key point illustrated in Figure 2 is that the
total number of BHs decreases throughout the lifetime
of the cluster. Due to recoil kicks attained through se-
ries of strong dynamical interactions with one another
in a cluster’s core, BHs will naturally be ejected from
their host cluster, slowly depleting the overall BH pop-
ulation. See, for example, Morscher et al. (2015) for
further detail.
In Figure 3, we show the radial distributions of several
populations in model 2 at three snapshots in time: 0.1
Gyr, 1 Gyr, and 10 Gyr. In yellow, we show the radial
distribution of all objects in the cluster, in green we
show the distribution of planets (both single and bound
planets combined), in black we show BHs, in blue we
show white dwarfs (WDs), and in red we show neutron
stars (NSs).
As also illustrated in Figure 2, Figure 3 shows that
the total number of BHs and total number of planets de-
creases throughout the evolution of the cluster through
dynamical processes discussed earlier. This is in con-
trast to, for example, the WD population which is seen
to increase throughout the lifetime of the cluster, simply
because of stellar evolution of low-mass stars.
As shown in all three panels, the inner part of the
cluster (r . a few×10−2 pc) is dominated at all times by
BHs. These BH-cores, which are a simple consequence
of mass-segregation, have been well-studied in a variety
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Figure 4. Top panel: Cumulative distribution of various
types of binary–single encounters involving planets and at
least one BH. Here “P” denotes planet, “B” denotes BH, and
“S” denotes a star (non-BH). Middle panel: Binary–single
encounters of various types that lead specifically to a stable
BH–planet binary outcome. Bottom panel: Encounters that
lead specifically to a BH–planet TDE.
of recent analyses (e.g., Morscher et al. 2015; Askar et al.
2018; Arca Sedda et al. 2018).
The gray shaded regions in Figure 3, denote what we
define as the “mixing zone” of BHs and planets within
the cluster. For illustrative purposes, we define this mix-
ing zone as a radial shell whose inner radius is deter-
mined by the radial position of the innermost planet
and whose outer radius is determined by the radial po-
sition of the clusters outermost BH that lies within the
observed core radius of the cluster,2 following the def-
inition in Kremer et al. (2018b). As all three panels
demonstrate, the BH and planet populations overlap
with one another throughout the entire lifetime of the
2 As a result of recoil from scattering encounters, some BHs can
be found outside the cluster’s core radius before they sink back
to the core through mass segregation. We ignore these outermost
BHs because, the interaction cross section is expected to be dom-
inated by only the BHs within the core where the stellar density
is relatively high.
cluster, leading to BH–planet dynamical interactions.
These interactions can lead to both the formation of
BH–planetary systems (through exchange encounters)
and BH–planet TDEs.
To demonstrate the types and relative rates of vari-
ous BH–planet encounters that may occur in a typical
cluster, we show in Figure 4 the various types of binary–
single encounters3 involving planets and at least one BH
that occur in model 2. In the top panel, we show the cu-
mulative time distribution of all such encounters, inde-
pendent of outcome. In gray we show planet–star binary
plus BH single (“PS–B”), in purple we show planet–BH
binary plus star (non-BH) single (“PB–S”), in green we
show planet–BH binary plus BH single (“PB–B”), and
in blue we show BH–BH binary plus planet single (“BB–
P”). In the middle and bottom panels of the Figure 4,
we show the distribution of these binary–single encoun-
ters that lead to the specific outcomes of a stable BH–
planet binary and a BH–planet TDE, respectively. In
the bottom panel, we also show as a dashed black curve
the distribution of BH–planet TDEs that occur through
single–single encounters. We discuss BH–planet TDEs
in more detail in Section 4.
As shown by the gray curve of the top panel, PS–
B encounters are the first to occur. These encounters
can lead to formation of planet–BH binaries through ex-
change and the specific number of these encounters that
lead to planet–BH binaries can be seen from compar-
isons of the gray curves of middle and top panels: for this
model, we find 1365 out of roughly 13500 (roughly 10%)
PS–B binary–single encounters result in the formation
of a planet–BH binary. Once formed, planet–BH bina-
ries can undergo repeated encounters (on average 5; see
column 9 of Table 1) before being broken. In the mid-
dle panel we do not distinguish between binary–single
encounters that lead to the formation of a new planet–
BH binary versus encounters that preserve a planet–BH
that entered the encounter. Thus, because the majority
of PB–B and PB–S encounters result in preservation of
the original binary, the PB–B and PB–S curves in the
top and middle panels are nearly identical.
Once unbound from their host star, single planets can
undergo encounters with BH–BH binaries (labeled BB–
P encounters in Figure 4). Because the planet is much
less massive than either BH component, that probability
that the planet will exchange into a binary with one
of the BH components is vanishingly small. However,
unlike all other BH–planet encounters considered here,
BB–P encounters can have total negative energy which
means a resonant encounter is possible. This is simply
because the internal potential energy of a BH–BH binary
3 As mentioned previously, binary–binary encounters also play
a role in these various channels. We focus on binary–single here
for simplicity but again emphasize that strong binary–binary en-
counters are also integrated within our CMC models.
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Figure 5. Orbital parameters for all distinct BH–planet
binaries formed through binary interactions at late times (8-
12 Gyr; chosen to reflect the uncertainty in present-day ages
of Milky Way GCs).
is typically much larger in magnitude than that kinetic
energy of an incoming single planet. In this case, the
planet can undergo multiple passages before ultimately
being ejected from the three-body system. We discuss
this specific encounter further in Section 4.3.
3.3. Dynamical formation of BH–planetary systems
For old GCs, we are specifically interested in those
BH–planet binaries that may reside in the clusters at
late times; BH–planet binaries formed early in the evolu-
tion of the cluster are unlikely to survive to the present.
Column 10 of Table 1 shows the total number of dis-
tinct BH–planet binaries that form at late times in our
five cluster models through the various binary–single
encounters described in the previous subsection and
also through binary–binary encounters. We define “late
times” as 8-12 Gyr, which reflects roughly the uncer-
tainty in ages of GCs in the Milky Way. Figure 5 shows
the semi-major axis and eccentricity for all such bina-
ries, as seen in the models.
In total, roughly 2000 distinct BH–planet binaries are
identified in our models. As seen in Table 1, the num-
ber of BH–planets increases with the total number of
planets at birth, as expected. Once they have been dy-
namically formed, the mean lifetime of these BH–planet
binaries (before they are broken apart by subsequent en-
counters) ranges from roughly 3−50 Myr (depending on
the various model parameters; see column 10 of Table
1). Thus at any given snapshot in time, the total num-
ber of BH–planet binaries present is unlikely to be more
than a few. This is consistent with our understanding of
the rates at which BH-non-BH binaries will dynamically
form in GCs, as discussed in e.g., Kremer et al. (2018b).
As also shown in Figure 3, the planet population also
overlaps with WDs and NSs throughout the cluster’s
lifetime. This allows planets to form binaries with both
NSs and WDs through similar mechanisms as discussed
here for BHs. We briefly discuss the implications of
mixing of planets with WDs and NSs in Section 5.1.
4. BLACK HOLE–PLANET TDEs
In this section we discuss the number of BH–planet
TDEs identified in our models and estimate the expected
rate of such events in the local universe (Section 4.1).
We go on in Section 4.2 to calculate the expected elec-
tromagnetic signature associated with these events and
estimate the prospects for detection by upcoming all-sky
surveys such as LSST. We finish in Section 4.3 with a
discussion of the special case where a planet TDE occurs
during a resonant encounter with a binary BH.
4.1. Rates
Columns 11-14 in Table 1 show the total number
of BH–planet TDEs identified in each cluster model
through both single–single encounters and binary-
mediated interactions (refer also to Figure 4). As antic-
ipated, the number of BH–planet TDEs increases as the
number of planets increases. However, as seen from a
comparison of models 4 and 5, the number of BH–planet
TDEs also depends upon the cluster’s initial size. More
compact clusters have higher densities and thus a higher
rate of dynamical encounters.
We find as many as roughly 600 BH–planet TDEs can
occur throughout the lifetime of a single cluster. Scaling
to the Milky Way GC population, this corresponds to a
BH–planet TDE rate of roughly 10−5 yr−1 for a Milky
Way-like galaxy, a factor of roughly a few times higher
than the BH–star TDE rate predicted in Kremer et al.
(2019b).
The fraction of stars that host planetary companions
at birth is highly uncertain. To reflect this uncertainty
we vary this fraction in our models (column 2 of Table 1).
As this is a first study, we assume a planet-to-star ratio,
Fp, of at most 0.5, primarily to ease computational cost.
But it is very possible (and perhaps even realistic) that
the primordial planet-to-star ratio may be as high as one
or more. Previous work (e.g., Hurley & Shara 2002), has
even suggested planets may outnumbers stars by a factor
of up to 100. In this case, the rate of BH–planet TDEs
may be significantly higher than that predicted from the
models in this study.
For now, to estimate how the TDE rate may increase
with larger values of Fp, we simply fit the Np − NTDE
relation in Table 1 to a power law and extrapolate to
higher values of Fp. For a fixed number of stars, we find
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Figure 6. Mass spectrum for various BH populations. The
black histogram shows masses of all BHs retained in the clus-
ter initially, green shows masses of all BHs that eventually
undergo BBH mergers (including second-generation BHs),
and blue shows masses of all BHs that undergo a BH–planet
TDE.
the relation NTDE ≈ 1500F 1.6p gives a rough estimate
of the scaling. Using this relation, we predict that for
Fp = 1, the BH–planet TDEs rate may be as high as
roughly 1500 events over the lifetime of a single cluster
and up to roughly a few×10−5 events per year in a Milky
Way-like galaxy. Detailed consideration of the inclusion
of larger numbers of planets as well as consideration of
the specific scaling of the TDE rate with planet fraction
(and other cluster parameters such as cluster mass), is
beyond the scope of this study and we hope to explore
some of these ideas further in a later paper.
Figure 6 shows the mass distributions for all BHs
that undergo BH–planet TDEs in our models (blue
histogram) compared to the mass distribution for all
BHs retained upon formation in the clusters (black),
and the mass distribution for all BHs that eventually
undergo binary BH (BBH) mergers. The prominent
peak at MBH ≈ 40M comes from our treatment of
(pulsational) pair instability supernovae (see Rodriguez
et al. 2018c, for details). The small peak in the BBH-
merger mass distribution at MBH ≈ 80M comes from
so-called “second generation” mergers (e.g., Rodriguez
et al. 2019). As the figure shows, on average, the
most massive BHs preferentially undergo BBH mergers,
while the lower mass BHs preferentially undergo TDEs.
This is anticipated: the most massive BHs efficiently
mass-segregate upon formation and are driven to merger
first (see Rodriguez et al. (2018a); Samsing & D’Orazio
(2018) for a summary of the various channels for BBH
mergers in typical GCs). Meanwhile, the least massive
BHs are more likely to mix with other stellar populations
and thus facilitate BH–planet TDEs (see also Figure 3).
This is analogous to the result in Kremer et al. (2018b)
in the context of forming accreting BH binaries. Over-
all, the average mass of merging BHs is roughly 30M
while the average mass of BHs that facilitate TDEs is
20M.
4.2. Prospects for detection
The fundamental assumptions that lead to the predic-
tion of the fallback timescale and luminosity of a tidal
disruption of a main-sequence star by a supermassive
BH are valid in the case of a stellar mass BH disrupt-
ing a giant planet, as was pointed out by Perets et al.
(2016).
While the size of the planet is much larger than the
event horizon of the disrupting BH in the planet case,
RJ
RS
≈ 1183
(
MBH
20M
)−1
, (4)
the more relevant ratio, between the planet radius and
the disrupting pericenter passage radius rp, is still in the
regime where the planet is small compared to the size
of the disrupting orbit. That is,
RJ
rp
= β
RJ
RT
≈ 0.037β
(
q
3.33× 10−5
)1/3
(5)
for small values of the penetration factor β = RT /rp,
where q ≡ MJ/MBH and RT = q−1/3RJ is the tidal
radius. For a disruption, β ≥ 1.
Hence, for encounters where β ∼< 30, the disrupted
material will stay in a ballistic orbit until returning to
pericenter, where it shocks and generates a tidal disrup-
tion flare. For β ∼> 30, the giant planet will partially
envelope the BH at pericenter. This could possibly lead
to an intense accretion event that may even outshine the
corresponding tidal disruption flare caused by fallback.
Measuring β for each of the BH–planet disruptions in
the CMC simulations, we find that β ∼< 30 (∼< 10) for∼ 95% (∼ 90%) of all disruptions. Hence, we leave
investigation of the close-encounter planet disruptions
for future work and now focus on the fallback flare.
The tidal disruption of a giant planet by a stellar
mass BH also occurs at a larger number of gravitational
radii (rG) from the BH than in the supermassive BH–
star case. For the fiducial planet disruption considered
above, compared to the disruption of a Sun-like star by
a supermassive BH with mass MSBH,
[RT /rG]plt+sBH
[RT /rG]str+SBH
∼ 1364
(
MSBH
106M
)2/3
(6)
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meaning that strong gravity effects such as orbital pre-
cession are much weaker in this case. This could have
implications for stream circularizion and the evolution of
the debris compared to the supermassive BH case (e.g.,
Hayasaki et al. 2016).
Another possible difference from the star–supermassive
BH treatment is the orbital energy at infinity for these
systems, which are disrupting via flybys and (less com-
monly) three body interactions. The standard treat-
ment assumes parabolic orbits, with zero energy at
infinity, resulting in a t−5/3 fallback rate and half of the
debris remaining bound.
We argue that, here too, the parabolic orbit is a good
approximation. This is because the majority of disrup-
tions occur for non-resonant interactions (Figure 4), in
which case we can estimate a hyperbolic eccentricity of
the disrupting orbit by equating the velocity dispersion
of BH-planet populations with the hyperbolic excess ve-
locity. In this case, the typical hyperbolic eccentricity
of a disrupting encounter is small,
ehyp − 1 ≈ GMBH
v2∞
βRT
≈ 7× 10−5β
(
MBH
20M
)(
v∞
10km/s
)−2
, (7)
where we adopt β = 1 throughout.
Comparing this to a critical hyperbolic eccentricity,
above which none of the planet will be bound to the BH
after disruption (Hayasaki et al. 2018),
ecrit − 1 ≈ 2q
1/3
β
≈ 0.06β−1, (8)
we see that in the case at hand, and for v∞ . 300km/s,
parabolic orbits are sufficient for modelling disruptions
from flyby-like encounters.
Despite small differences, the above reasoning suggests
that, at least for the most common single-BH–planet
TDEs, we may estimate the duration and peak luminos-
ity of the fallback flare as in the standard literature for
stars disrupted by supermassive BHs (Rees 1988; Phin-
ney 1989).
Once a planet of mass Mp and radius Rp is disrupted,
the time for orbiting material to return to the disruption
point provides the approximate time scale for the rise of
the flare, and hence a characteristic timescale for the
emission,
τ ≈ 1.1 days
(
Mp
MJ
)−1(
Rp
RJ
)3/2(
MBH
20M
)1/2
, (9)
so that a typical flare will take place over the course of a
few days (2 days to drop to half of the peak luminosity,
5 days to drop an order-of-magnitude in luminosity).
The peak luminosity, at time τ after disruption, is
L ≈ 2.4×1040erg s−1
(
Mp
MJ
)7/3(
Rp
RJ
)−5/2(
MBH
20M
)1/6
.
(10)
where we have followed (Li et al. 2002) and estimated the
radiation efficiency as the specific energy of the circular-
izing orbit at 2RT . Compared to the case of a super-
massive BH and star, where radiation efficiencies are a
few percent, the planet–stellar-mass BH case has much
lower efficiencies of ∼ 10−6. Again we have assumed
that half of the planet stays bound after disruption; the
peak luminosity scales linearly with this fraction.
4.2.1. Observation with upcoming all sky-surveys
For a rate of 10−5 yr−1 per Milky Way-like galaxy,
the planet disruption rate is only an order of magni-
tude lower than the rate of stellar TDEs in galactic nu-
clei of 10−4 yr−1 per galaxy (e.g., van Velzen 2018), and
may rival this rate for planet fractions larger than the
conservative values simulated here. However, the peak
luminosity is ∼ 103–105 times lower.
Assuming 10−2 Milky-Way-like galaxies per Mpc−3
(Montero-Dorta & Prada 2009), detection becomes
probable only if the entire sky can be surveyed at a
few days cadence out to ∼ 150 Mpc.
LSST will cover a 18000 deg2 at a cadence of roughly
once per 4.5 days at a limiting magnitude of ∼ 24.5
(Ivezic´ et al. 2019). Using the bluest (high-efficiency)
filter from LSST (g-band) we compute a maximum dis-
tance to which LSST can detect TDEs with an assumed
isotropic peak luminosity predicted in Eq. (10),
dLSST ∼<180Mpc
( L
2.4× 1040erg s−1
)1/2(
Fmin
Fg,min
)1/2
Fg,min≈ νgFg,010−mg,min/2.5 (11)
where νg ≈ 6.338× 1014 Hz and Fg,0 ≈ 3.92× 10−20 erg
s−1 cm−2 Hz−1 (Rodrigo 2019b,a), and we use a limit-
ing LSST magnitude of mg,min = 24. We note however
that deep LSST observations can reach magnitudes of
27 (increasing our maximum distance to a Gpc), but at
lower cadence and covering a smaller fraction of the sky.
Assuming that all of the luminosity comes out in the g-
band, our estimate of the peak luminosity implies that,
at best, LSST could detect ∼ 2 planets from GCs per
year, amounting to 10’s of detections over its lifetime.
As discussed in Section 4.1, the primordial planet-to-
star ratio assumed in our models may underestimate
the total number of planets in young massive clusters.
If the planet-to-star ratio is increased from our maxi-
mum value of 0.5 to a value of 1, the detection rate of
BH–planet TDEs may increase by a factor of a few and
up to roughly 10 TDEs per year may be realistic for
LSST. If in addition to primordial planetary systems, a
young cluster also has a significant population of single
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planets (formed through, for example, planet–planet in-
teractions; Rasio & Ford 1996), this rate may increase
even further. In such a case, the Zwicky Transient Fa-
cility (ZTF; Bellm 2014), which will reach a limiting
magnitude of m . 21 with up to a few days cadence,
may detect a few BH–planet TDEs in GCs during its
tenure. We reserve more detailed consideration of these
possibilities for a future study.
4.2.2. Identification of BH–planet TDEs
As with stellar TDEs, a main difficulty in detection is
identification of a flare with a TDE, and not some other
transient. Additionally, we would like to differentiate
planetary and stellar TDEs. Here we briefly discuss a
few ways that BH–planet TDEs could be identified as
such.
Our simple estimation of TDE observables predicts
the standard TDE flare and power law decay. Because
the BH mass and mass of the disrupted object enter
into the fallback rate, parameter estimation from the
observed light curves within the fallback model would
give small values for the disrupting BH and disrupted
object mass (Mockler et al. 2019). That is, the char-
acteristic timescales and luminosity of disruption in the
planet–BH case are smaller than for the scaled up star–
supermassive BH case. In addition, such disruptions
are not confined to occur in galactic nuclei (though they
may if similar planet–BH interactions occur in nuclear-
star clusters); rather, they would most probably occur
in halos of galaxies where the globular clusters reside
(requiring ∼ 10 arcsecond resolution at 200 Mpc to de-
termine).
While we do not go into detail in this work, the spec-
trum of a disrupted gas giant may differ from the stel-
lar case if the planet core is large and contains metals.
Lithium, for example, which is easily destroyed in stars,
could play a larger role in the spectra of disrupted plan-
ets, which will not have reduced their Lithium abun-
dances over time (e.g., Basri 1998).
In order to further set apart planet TDEs from other
day-long transients and disruptions of stars, future work
should consider the effects of different equations of states
(as in Lodato et al. 2009) and a large planet core on the
disruption outcome. Additionally, the relatively weak
field gravity resulting in lack of orbital precession should
be further investigated in the planet case as generating
unique identifiers of a planet TDE (one such TDE was
simulated in Perets et al. 2016).
Another interesting possibility for discerning a planet
TDE from a stellar TDE could be variability in the de-
caying light curve from disruption by a stellar-mass BBH
(which make up 5% of disruptions identified in this mod-
els of this study). While much less likely, one could
imagine a BBH merger accompanied by a planet result-
ing in an electromagnetic counterpart disruption. We
discuss BBH disrupters further in the next subsection.
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Figure 7. Example of a resonant binary–single encounter
with a BBH and incoming single planet. For the initial BBH,
we assume a = 0.5 AU, e = 0, and masses M1 = M2 =
30M. The red star denotes the moment that the planet is
tidally disrupted by a close passage to one of the BHs.
4.3. Tidal disruption by binary BHs
As discussed in Section 2.1, the strong binary–single
encounters involving BHs and planet–star binaries rarely
occur in the resonant regime, where v∞ < vc, simply be-
cause vc for a binary with one planet component is low
(. 1 km s−1). However, in the special case where the
incoming star is a single planet and the binary is a com-
pact BBH, v∞ can easily be much less than vc, and a
resonant encounter is possible. In this case, the planet
may undergo multiple passages of the BBH before be-
coming unbound or passing sufficiently close to one of
the BHs to become tidally disrupted. If a TDE occurs in
this scenario (which we refer to as a BBH–planet TDE),
the TDE may impact the subsequent evolution of the
BBH. This is qualitatively similar to the scenario de-
scribed in Lopez et al. (2019); Samsing et al. (2019) for
TDEs of stars by BBHs in GCs.
In total, we identify 55 BBH–planet TDEs in our mod-
els, which constitute roughly 13% of all planet TDEs
occurring through binary–single encounters and 5% of
all BH–planet TDEs in general. In Figure 7, we show
an example binary–single encounter which leads to a
BBH–planet TDE. Here, we assume a BBH with initial
a = 0.5 AU, e = 0, and masses M1 = M2 = 30M. As
seen, the incoming planet becomes temporarily bound to
the BBH, which leads to multiple close encounters. In
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the majority of cases, the interaction concludes with the
planet getting ejected through a slingshot interaction by
one of the BHs; however, in this case shown in the figure,
the planet is disrupted (shown with a red star) before
ejection. As described in Samsing et al. (2017b, 2019),
the cross section for disruption is, to leading order, inde-
pendent of the semi-major axis of the disrupting BBH,
a, and as a result, is simply proportional to MBHRT.
Therefore, the relative rate of BBH–planet TDEs does
not depend strongly on the BBH orbital distribution.
However, the outcome of individual TDEs and their cor-
responding observables do depend on the orbital param-
eters of the BBH (e.g. Lopez et al. 2019; Samsing et al.
2019). For example, the relative energy between the dis-
rupting BH and the planet increases as a decreases due
to the corresponding increase in the orbital velocity of
the disrupting BH.
The fact that the interaction of planets and stars with
the BBH population occasionally lead to TDEs, makes it
possible to indirectly probe properties of the BBH popu-
lation, if the corresponding electromagnetic (EM) signal
can be detected. This was described in Samsing et al.
(2019), in which it was suggested that the orbital-period
distribution of the BBH population can be probed using
EM observations of stars disrupted by this population.
As described in (e.g. Liu et al. 2009; Liu et al. 2014; Ri-
carte et al. 2016; Coughlin et al. 2017; Lopez Jr. et al.
2018; Samsing et al. 2019), the time dependent EM sig-
nal from a TDE involving a BBH will be different from
the standard t−5/3 luminosity decay found in the single
BH case (Rees 1988), as the second BH now can interact
with the tidal stream. This interaction leads to periodic
variations in the light curve, including gaps and inter-
ruptions, with a period that directly relates to the BBH
orbital period. This has been illustrated in the SMBH
case using numerical techniques (e.g. Liu et al. 2009),
and one candidate has proposed (TDE J1201+30), from
which the authors were able to put constraints on the
binary orbital period (Liu et al. 2014). Finally, as de-
scribed in (Samsing et al. 2019), the orbital period dis-
tribution of BBH disrupters in stellar clusters is very
different from other binary distributions, including the
well known Opik’s distribution (O¨pik 1924), and the dis-
tribution that follows from pure GW decay (e.g. Sesana
2016; Christian & Loeb 2017). This indicates that the
cluster BBH population can be distinguished from other
possible scenarios.
In Figure 8 is shown the orbital period distribution
of all BBHs that lead to planet TDEs during resonant
encounters compared to the orbital period distribution
for all BBHs retained in the cluster at representative
snapshots in time (i.e., snapshots with t > 8 Gyr, rep-
resentative of old GCs). As the figure shows, the two
distributions share several similarities, which is a direct
result of that the tidal disruption cross section is inde-
pendent of the BBH semi-major axis as described in the
paragraphs above and as in Samsing et al. (2019). On
Figure 8. Orbital period distribution for all BBHs that
undergo planet TDEs during resonant encounters (hatched
gray histogram) compared to orbital period distribution for
all BBHs retained in the cluster at representative snapshots
in time (black histogram).
the basis of the overlap of these two distributions, figure
8 demonstrates that if BBH–planet TDEs are observed
in significant numbers, they may be used to indirectly
constrain the overall BBH orbital period distribution.
5. OTHER OBSERVATIONAL PROSPECTS
5.1. Interactions of planets with neutron stars and
white dwarfs
In addition to interacting with BHs, planets also
readily mix with both neutron stars (NSs) and white
dwarfs (WDs) in typical GCs and through these dy-
namical interactions, planetary systems with NS/WD
host stars will naturally form. The dynamical forma-
tion of NS/WD planetary systems in GCs is motivated
observationally by the millisecond pulsar (MSP) planet
detected through radio observations in the Milky Way
cluster M4, which is now thought to be a member of
a triple system where the third body is a WD (e.g.,
Thorsett et al. 1999).
In Table 2, we list the average number of dynamically-
formed NS– and WD–planet binaries found in each clus-
ter model at any given late-time cluster snapshot (t in
range 8–12 Gyr). As shown in the table, WD–planet bi-
naries are more common than NS–planets. This is sim-
ply due to the relatively large number of WDs versus
NSs (typically roughly 5× 104 versus 500 at late times,
as shown in Figure 3). Once formed, the NS–planets and
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WD–planets typically survive for 100s of Myr in the clus-
ter before being broken apart by subsequent dynamical
encounters. This is in contrast to the BH–planet sys-
tems discussed in Section 3.3, which typically survive for
only ≈ 10 Myr before being broken apart. BH planetary
systems are expected to have shorter lifetimes than the
WD/NS counterparts, simply because BH–planets are
preferentially found closer to the cluster’s high-density
core owing to the high mass of the BH. Furthermore,
higher mass means a larger cross section and thereby a
shorter interaction timescale (tint ∝M−1).
As shown in the table, we expect up to roughly 5
NS–planets and up to roughly 100 WD–planets to be
found in a GC at any given point in time. As Table 2
shows, the exact number depends upon the initial num-
ber of planets and on the initial planet orbital prop-
erties. In general, the higher the number of planets,
the higher the number of WD–planet binaries. For the
NS–planets, the trend is less clear, although this is likely
simply due to the uncertainties associated with the small
number statistics. For planet-to-star ratios higher than
the maximum of 0.5 considered here, the numbers of
WD–planets and NS–planets may increase even further.
These numbers are also dependent on the various clus-
ter parameters considered. We consider here GCs with
present day-mass of roughly 2 × 105M, which is typ-
ical of the GCs observed in the Milky Way, however
in more massive and dense (i.e., core-collapsed) clusters
such as M15, a larger number of NS– and WD–planet
systems may be expected due to both the higher number
of objects and the higher central density (and therefore
higher formation rate) in these clusters. On the other
hand, especially for WD–planets, some fraction of which
may actually be formed through the stellar evolution of
a planet’s primordial host star, a relatively dense cluster
may in fact lead to a decrease in the number of plane-
tary systems as these primordial planetary systems are
broken. We leave a more detailed of these possibilities
for a future study.
It is well-understood both observationally (e.g., Ran-
som 2008) and theoretically (e.g., Ye et al. 2019) that
MSPs form at a higher rate per unit mass in GCs relative
to the Galactic field as a result of dynamical encounters.
If some fraction of the NSs that obtain planet compan-
ions are in fact MSPs (having been spun up through
accretion of material from a companion earlier in the
NS’s evolutionary history), radio observations of these
objects may allow the presence of the planet companion
to be inferred. We reserve a more detailed study of the
interaction of pulsars with planets in GCs for a future
study.
Planets bound to WDs can in principal be detected
through standard transit methods with the caveat that
WDs are intrinsically faint, so transit searches are lim-
ited to smaller distances relative to main-sequence star
planetary systems. Recent studies (Zuckerman et al.
2010; Koester et al. 2014) have shown that roughly a
Table 2. Average number of WD– and NS–
planet binaries in all model GCs at late times
Model NP, i WD–P binaries NS–P binaries
1 105 18.5 1.1
2 2× 105 42.0 0.1
3 3× 105 46.6 4.4
4 4× 105 59.9 2.4
5α 4× 105 73.4 0.5
6β 2× 105 27.0 1.6
Note— Models are labeled as in Table 1.
quarter to half of WDs in the Milky Way are observed
to have contaminated atmospheres possibly from the ac-
cretion of planetary material, indirectly suggesting rem-
nants of planetary systems. Furthermore, recent studies
(e.g., Vanderburg et al. 2015; Manser et al. 2019) have
identified transiting planetesimals around WD hosts.
Future surveys such as LSST are likely to provide fur-
ther insight into the numbers of WD planetary systems
in both GCs and the Galactic field (e.g., Corte´s & Kip-
ping 2019).
5.2. Ejected free-floating planets
Theories of planet formation predict the existence of
free-floating planets which are expected to have formed
in association with a host star4 before being unbound
through a variety of potential mechanisms including
planet-planet interactions (e.g., Rasio & Ford 1996;
Marzari & Weidenschilling 2002; Chatterjee et al. 2008;
Veras et al. 2009), post-main sequence evolution of their
host star (e.g., Kratter & Perets 2012; Veras et al. 2016),
or dynamical interactions within a stellar cluster such as
those considered here and previously in e.g., Hurley &
Shara (2002); Spurzem et al. (2009).
If a free-floating planet is very closely aligned with a
distant source star, the planet can potentially be iden-
tified through gravitational microlensing by observing a
transient brightening of the source star caused by the
focusing of light rays of the source by the gravitational
field of the planet. A number of ground-based surveys
such as the Microlensing Observations in Astrophysics
(MOA-II; Sumi et al. 2003), the Optical Gravitational
Lensing Experiment (OGLE-IV; Udalski et al. 2015) and
the Korean Microlensing Telescope Network (KMTNet;
Kim et al. 2016) should in principal be capable of de-
tecting such events. Furthermore, in the coming years,
4 It has also been proposed that star formation processes may
extend down to masses as low as ∼a Jupiter mass (e.g., Boyd &
Whitworth 2005), which would allow free-floating planets to also
form through fragmentation of gas clouds in a manner similar to
standard star formation.
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WFIRST is expected to identify in excess of roughly
1000 free-floating planets in the Milky Way through mi-
crolensing (Spergel et al. 2015).
As shown by columns 5-7 of Table 1 as well as Figure
2, a large number of planets are ejected by their host
cluster into the Galactic halo as a result of dynamical
encounters and tidal loss. These planets can be ejected
both as binaries (i.e., still bound to a host star) or as
single planets. Scaling our models to the Milky Way GC
population as in Section 4, we predict up to as many as
107 planet–star systems and 2× 107 single planets may
presently populate the Galactic halo following dynami-
cal ejection from GCs.
Although the number of free-floating planets produced
through cluster dynamics is likely small compared to the
number of free-floating planets produced through stan-
dard planet-planet dynamics for planetary systems in
the field (recent studies predict as many as 1-2 free-
floating planets may exist for every star in the Galac-
tic field; Spergel et al. 2015), several features of these
cluster-specific planets may potentially allow them to
be distinguished from their Galactic-field counterparts.
For instance, free-floating planets that originate in the
Galactic field will preferentially be located in the plane
of the Galaxy, in contrast to the planets ejected from
clusters which will adopt the spherically-isotropic distri-
bution of their host clusters. Thus, cluster-born planets
may constitute a relatively large fraction of free-floating
planets which are identified in the Galactic halo. We re-
serve a focused analysis exploring potentially detectabil-
ity of free-floating planets for a later study.
6. CONCLUSIONS AND DISCUSSION
6.1. Summary
Using He´non-type Monte Carlo cluster models, we
have studied the evolution of planetary systems in dense
star clusters. We briefly summarize our main findings
below:
1. We show that a large fraction of primordial plane-
tary systems in a cluster are broken apart through
dynamical encounters with other objects. Assum-
ing an initial orbital separation of 1 AU, we find
roughly 10% of all primordial planetary systems
are broken and assuming an initial orbital separa-
tion of 5 AU, we find this percentage can reach as
high as roughly 50%.
2. Furthermore, a large number (30%−80%, depend-
ing on initial conditions) of primordial planets are
ejected from their host cluster through dynamical
encounters and tidal loss, either as single planets
or still bound to a host star.
3. Both single planets and star–planet binaries natu-
rally mix with stellar-mass BHs in the central re-
gions of their host cluster, leading to the dynam-
ical formation of BH–planet binaries throughout
the cluster lifetime.
4. As a secondary consequence of the dynamical mix-
ing with the cluster’s BH population, planets will
frequently pass close enough to BHs to be tidally
disrupted. These BH–planet TDEs will likely pro-
duce flares with characteristic emission timescales
of roughly days and peak luminosities of a few
×1040 erg s−1.
5. These BH–planet TDEs may be detectable by
LSST at a rate of roughly a few events per year or
higher. If observed, these TDEs may place further
constraints on both planet and BH populations in
GCs.
6. Finally, we have shown that up to a few NS–planet
binaries are expected to be found in typical clus-
ters. If their NS hosts have been spun up to
become radio millisecond pulsars through previ-
ous interactions, these planet companions could
be identified through radio observations.
In principle, TDEs of planets may also occur through
interaction with WDs and NSs. Del Santo et al. (2014)
noted that a peculiar transient event observed in the
Milky Way GC NGC 6388 has features consistent with
a planet tidally disrupted by a massive WD. We iden-
tify roughly 500 WD–planet TDEs in our set of clus-
ter models (or roughly 10−8 yr−1 per cluster), a factor
of roughly a few times lower than BH–planet TDEs.
Although WDs can outnumber BHs significantly, espe-
cially at late times (see Figure 3), the TDE rate for
WDs is limited by the relatively low mass of a WD com-
pared to a BH (roughly 0.7M compared to 20M): as
shown in Equation 3, ΓTDE ∝ M4/3, where M is the
mass of the disrupting object. A detailed examination
of WD–planet TDEs is beyond the scope of our study.
However, we note that the potential detection described
in Del Santo et al. (2014) points toward the possibil-
ity of planet TDEs in GCs and, in particular, given the
fact that BH–planet TDEs are expected to outnumber
WD–planet TDEs by a factor of a few, further suggests
that upcoming transient surveys like LSST may indeed
observe such events.
The rate of WD–planet TDEs suggested by our mod-
els is signficantly lower than the rate of 3.3× 10−6 yr−1
quoted by Del Santo et al. (2014), but is roughly con-
sistent given that Del Santo et al. (2014) assumed a
relatively high planet-to-star ratio (Fp = 10−100) com-
pared to our models (Fp = 0.1−0.5). Indeed, as pointed
out by Del Santo et al. (2014) the detection of planet
TDEs linked to clusters may place contraints on the to-
tal number of planets (both single and bound to host
stars) within GCs.
6.2. Directions for future work
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As this paper is a first attempt at exploring the mix-
tures of planets with stellar remnants in the context
of the CMC cluster dynamics code, a number of simpli-
fying assumptions have been made. A more detailed
study of several of these assumptions may form the
basis for future work on the topic. For one, a fu-
ture study may implement a more realistic planet mass
spectrum which extends beyond Jupiter-like planets to
masses down to Earth-mass or lower. Although the in-
clusion of lower mass planets is unlikely to strongly affect
the dynamical influence of planets on their host clus-
ter, lower mass planets may lead to different types of
TDEs. In particular, as discussed in, e.g., Gourgoulhon
et al. (2019), Earth-like planets have lower densities than
their Jupiter-like counterparts, and therefore must pass
relatively close to a stellar remnant to reach Roche or
tidal contact. As a result, the probability of undergoing
a TDE is likely lower for an Earth-like planet than a
Jupiter-like planet. Furthermore, because of the differ-
ences in their chemical composition, TDEs of lower-mass
planets may yield different types of electromagnetic sig-
natures.
This analysis considered the disruption of planetary
systems by dynamical encounters with other objects in
their host cluster. However, it is well understood that
internal planetary dynamics and other mechanisms (see
Section 5.2) will also unbind planets from their host star.
Therefore, prior to any cluster-specific dynamical inter-
actions a large population of single planets may already
have been created. In this case, it may be appropriate
to also include a population of single planets within the
cluster initial mass function. Indeed, the single planets
may even outnumber the stars by a factor of up to ∼ 100
Hurley & Shara (2002). These single planets will also
be susceptible to interactions with stellar remnants and
thus the inclusion of these objects may lead to an in-
crease in the remnant–planet TDE rate by a potentially
significant amount.
Here we have focused exclusively on lower-metallicity
clusters (Z = 0.1Z) with the motivation of exploring
clusters that resemble the low-metallicity old GCs ob-
served in the Milky Way. However, planet formation
(as well as a number of other cluster features, includ-
ing the mass spectrum of BH remnants) depends in a
significant way upon metallicity (e.g., Fischer & Valenti
2005; Brewer et al. 2018). Therefore an exploration of
metallicities and ages representative of the young mas-
sive clusters observed in the local universe (see, e.g.,
Portegies Zwart et al. 2010) presents another relevant
and interesting avenue for study.
Finally, we have limited the present study to cluster
models of a fixed initial number of stars (N = 8× 105).
Although this particular choice is representative of an
“average” GC in the Milky Way, we fail to capture the
specific details that may be relevant for lower or higher
mass clusters. Furthermore, we have considered for sim-
plicity only clusters with initial virial radii of 1 and 2 pc,
however, previous analyses (e.g., Kremer et al. 2019a)
have demonstrated that a wider range in initial cluster
size is necessary to produce the full spectrum of clus-
ter types observed in the Milky Way at present. For
more massive and dense clusters (extending up to nu-
clear star clusters), the rates of various processes dis-
cussed in this work (dynamical disruption of planetary
systems, formation of planet–compact object binaries,
and BH–planet TDEs) may be amplified considerably.
We hope to explore the evolution of planetary systems
in a wider array of cluster types, which would include
clusters of different initial mass and size, in a future
study.
We thank Steinn Sigurdsson and Enrico-Ramirez Ruiz
for useful discussions. This work was supported by
NASA ATP Grant NNX14AP92G and NSF Grant AST-
1716762. KK acknowledges support by the National
Science Foundation Graduate Research Fellowship Pro-
gram under Grant No. DGE-1324585. JS acknowl-
edges support from the Lyman Spitzer Fellowship. DJD
acknowledges financial support from NASA through
Einstein Postdoctoral Fellowship award number PF6-
170151.
REFERENCES
Adams, F. C., Proszkow, E. M., Fatuzzo, M., & Myers,
P. C. 2006, ApJ, 641, 504
Arca Sedda, M., Askar, A., & Giersz, M. 2018, MNRAS,
479, 4652
Askar, A., Arca Sedda, M., & Giersz, M. 2018, MNRAS,
478, 1844
Askar, A., Askar, A., Pasquato, M., & Giersz, M. 2019,
MNRAS, 485, 5345
Askar, A., Szkudlarek, M., Gondek-Rosin´ska, D., Giersz,
M., & Bulik, T. 2017, MNRAS, 464, L36
Banerjee, S. 2017, MNRAS, 467, 524
Basri, G. 1998, in Astronomical Society of the Pacific
Conference Series, Vol. 134, Brown Dwarfs and
Extrasolar Planets, ed. R. Rebolo, E. L. Martin, & M. R.
Zapatero Osorio, 394
Bellm, E. 2014, in The Third Hot-wiring the Transient
Universe Workshop, ed. P. R. Wozniak, M. J. Graham,
A. A. Mahabal, & R. Seaman, 27–33
Boyd, D. F. A., & Whitworth, A. P. 2005, A&A, 430, 1059
Brewer, J. M., Wang, S., Fischer, D. A., &
Foreman-Mackey, D. 2018, ApJ, 867, L3
Planets in Globular Clusters 17
Cai, M. X., Kouwenhoven, M. B. N., Portegies Zwart, S. F.,
& Spurzem, R. 2017, MNRAS, 470, 4337
Cai, M. X., Portegies Zwart, S., Kouwenhoven, M. B. N., &
Spurzem, R. 2019, arXiv e-prints, arXiv:1903.02316
Chatterjee, S., Ford, E. B., Geller, A. M., & Rasio, F. A.
2012, MNRAS, 427, 1587
Chatterjee, S., Ford, E. B., Matsumura, S., & Rasio, F. A.
2008, ApJ, 686, 580
Chatterjee, S., Fregeau, J. M., Umbreit, S., & Rasio, F. A.
2010, The Astrophysical Journal, 719, 915
Chatterjee, S., Umbreit, S., Fregeau, J. M., & Rasio, F. A.
2013, MNRAS, 429, 2881
Christian, P., & Loeb, A. 2017, MNRAS, 469, 930
Clarke, C. J., & Pringle, J. E. 1993, MNRAS, 261, 190
Corte´s, J., & Kipping, D. 2019, MNRAS, arXiv:1810.00776
Coughlin, E. R., Armitage, P. J., Nixon, C., & Begelman,
M. C. 2017, MNRAS, 465, 3840
Del Santo, M., Nucita, A. A., Lodato, G., et al. 2014,
MNRAS, 444, 93
Dressing, C. D., & Charbonneau, D. 2013, The
Astrophysical Journal, 767, 95
Fabian, A. C., Pringle, J. E., & Rees, M. J. 1975, MNRAS,
172, 15p
Fischer, D. A., & Valenti, J. 2005, ApJ, 622, 1102
Fragione, G., & Kocsis, B. 2018, Physical Review Letters,
121, 161103
Fregeau, J. M., Chatterjee, S., & Rasio, F. A. 2006, ApJ,
640, 1086
Fregeau, J. M., Cheung, P., Portegies Zwart, S. F., &
Rasio, F. A. 2004, MNRAS, 352, 1
Fregeau, J. M., Gurkan, M. A., Joshi, K. J., & Rasio, F. A.
2003, arXiv, astro-ph, 772
Fregeau, J. M., & Rasio, F. A. 2007, ApJ, 658, 1047
Fressin, F., Torres, G., Charbonneau, D., et al. 2013, ApJ,
766, 81
Giesers, B., Dreizler, S., Husser, T.-O., et al. 2018,
MNRAS, 475, L15
Giesler, M., Clausen, D., & Ott, C. D. 2018, MNRAS, 477,
1853
Gilliland, R. L., Brown, T. M., Guhathakurta, P., et al.
2000, ApJL, 545, L47
Gourgoulhon, E., Le Tiec, A., Vincent, F. H., &
Warburton, N. 2019, arXiv e-prints, arXiv:1903.02049
Hamers, A. S., & Tremaine, S. 2017, AJ, 154, 272
Hao, W., Kouwenhoven, M. B. N., & Spurzem, R. 2013,
MNRAS, 433, 867
Hayasaki, K., Stone, N., & Loeb, A. 2016, MNRAS, 461,
3760
Hayasaki, K., Zhong, S., Li, S., Berczik, P., & Spurzem, R.
2018, ApJ, 855, 129
Heggie, D., & Hut, P. 2003, The Gravitational
Million-Body Problem: A Multidisciplinary Approach to
Star Cluster Dynamics
Heinke, C. O., Grindlay, J. E., Edmonds, P. D., et al. 2005,
ApJ, 625, 796
Henon, M. 1971, Astrophysics and Space Science, 13, 284
He´non, M. 1971, Astrophysics and Space Science, 14, 151
Hong, J., Vesperini, E., Askar, A., et al. 2018, MNRAS,
480, 5645
Hurley, J. R., Pols, O. R., & Tout, C. A. 2000, MNRAS,
315, 543
Hurley, J. R., & Shara, M. M. 2002, ApJ, 565, 1251
Hurley, J. R., Tout, C. A., & Pols, O. R. 2002, MNRAS,
329, 897
Ivanova, N. 2013, Mem. Soc. Astron. Italiana, 84, 123
Ivezic´, Zˇ., Kahn, S. M., Tyson, J. A., et al. 2019, ApJ, 873,
111
Joshi, K. J., Nave, C. P., & Rasio, F. A. 2001, The
Astrophysical Journal, 550, 691
Joshi, K. J., Rasio, F. A., Zwart, S. P., & Portegies Zwart,
S. 2000, The Astrophysical Journal, 540, 969
Kim, S.-L., Lee, C.-U., Park, B.-G., et al. 2016, Journal of
Korean Astronomical Society, 49, 37
Koester, D., Ga¨nsicke, B. T., & Farihi, J. 2014, A&A, 566,
A34
Kratter, K. M., & Perets, H. B. 2012, ApJ, 753, 91
Kremer, K., Chatterjee, S., Breivik, K., et al. 2018a,
Physical Review Letters, 120, 191103
Kremer, K., Chatterjee, S., Rodriguez, C. L., & Rasio,
F. A. 2018b, ApJ, 852, 29
Kremer, K., Chatterjee, S., Ye, C. S., Rodriguez, C. L., &
Rasio, F. A. 2019a, ApJ, 871, 38
Kremer, K., Lu, W., Rodriguez, C. L., Lachat, M., & Rasio,
F. 2019b, arXiv e-prints, arXiv:1904.06353
Kroupa, P. 2001, MNRAS, 322, 231
Li, L.-X., Narayan, R., & Menou, K. 2002, ApJ, 576, 753
Liu, F. K., Li, S., & Chen, X. 2009, ApJL, 706, L133
Liu, F. K., Li, S., & Komossa, S. 2014, ApJ, 786, 103
Lodato, G., King, A. R., & Pringle, J. E. 2009, MNRAS,
392, 332
Lopez, Martin, J., Batta, A., Ramirez-Ruiz, E., Martinez,
I., & Samsing, J. 2019, ApJ, 877, 56
Lopez Jr., M., Batta, A., Ramirez-Ruiz, E., Martinez, I., &
Samsing, J. 2018, arXiv e-prints, arXiv:1812.01118
Lyne, A., Brinklow, A., Middleditch, J., et al. 1987, Nature,
328, 399
Maccarone, T. J., Kundu, A., Zepf, S. E., & Rhode, K. L.
2007, Nature, 445, 183
Mackey, A. D., Wilkinson, M. I., Davies, M. B., & Gilmore,
G. F. 2007, MNRAS, 379, L40
18 Kremer et al.
Malmberg, D., de Angeli, F., Davies, M. B., et al. 2007,
MNRAS, 378, 1207
Manser, C. J., Ga¨nsicke, B. T., Eggl, S., et al. 2019,
Science, 364, 66
Marzari, F., & Weidenschilling, S. J. 2002, Icarus, 156, 570
Masuda, K., & Winn, J. N. 2017, AJ, 153, 187
McKenna, J., & Lyne, A. G. 1988, Nature, 336, 226
Mockler, B., Guillochon, J., & Ramirez-Ruiz, E. 2019, ApJ,
872, 151
Montero-Dorta, A. D., & Prada, F. 2009, MNRAS, 399,
1106
Morscher, M., Pattabiraman, B., Rodriguez, C., Rasio,
F. A., & Umbreit, S. 2015, The Astrophysical Journal,
800, 9
Mulders, G. D., Pascucci, I., & Apai, D. 2015, ApJ, 814, 130
O¨pik, E. 1924, Publications of the Tartu Astrofizica
Observatory, 25
Ostriker, E. C. 1994, ApJ, 424, 292
Parker, R. J., & Quanz, S. P. 2012, MNRAS, 419, 2448
Pattabiraman, B., Umbreit, S., Liao, W.-k., et al. 2013,
The Astrophysical Journal Supplement Series, 204, 15
Perets, H. B., Li, Z., Lombardi, Jr., J. C., & Milcarek, Jr.,
S. R. 2016, ApJ, 823, 113
Petigura, E. A., Howard, A. W., & Marcy, G. W. 2013,
Proceedings of the National Academy of Science, 110,
19273
Phinney, E. S. 1989, in IAU Symposium, Vol. 136, The
Center of the Galaxy, ed. M. Morris, 543
Portegies Zwart, S. F. 2016, MNRAS, 457, 313
Portegies Zwart, S. F., McMillan, S. L. W., & Gieles, M.
2010, ARA&A, 48, 431
Proszkow, E.-M., & Adams, F. C. 2009, ApJS, 185, 486
Ransom, S. M. 2008, in IAU Symposium, Vol. 246,
Dynamical Evolution of Dense Stellar Systems, ed.
E. Vesperini, M. Giersz, & A. Sills, 291–300
Rasio, F. A., & Ford, E. B. 1996, Science, 274, 954
Rees, M. J. 1988, Nature, 333, 523
Ricarte, A., Natarajan, P., Dai, L., & Coppi, P. 2016,
MNRAS, 458, 1712
Rodrigo, C., S. E. B. A. 2019a, The Filter Profile Service
Access Protocol, ,
—. 2019b, The SVO Filter Profile Service, ,
Rodriguez, C. L., Amaro-Seoane, P., Chatterjee, S., et al.
2018a, PhRvD, 98, 123005
Rodriguez, C. L., Amaro-Seoane, P., Chatterjee, S., &
Rasio, F. A. 2018b, Physical Review Letters, 120, 151101
—. 2018c, Physical Review Letters, 120, 151101
Rodriguez, C. L., Zevin, M., Amaro-Seoane, P., et al. 2019,
arXiv e-prints, arXiv:1906.10260
Samsing, J., & D’Orazio, D. J. 2018, MNRAS,
arXiv:1804.06519
Samsing, J., Leigh, N. W. C., & Trani, A. A. 2018,
MNRAS, 481, 5436
Samsing, J., MacLeod, M., & Ramirez-Ruiz, E. 2017a, ApJ,
846, 36
—. 2017b, ApJ, 846, 36
Samsing, J., Venumadhav, T., Dai, L., et al. 2019, arXiv
e-prints, arXiv:1901.02889
Sesana, A. 2016, Physical Review Letters, 116, 231102
Sigurdsson, S. 1993, ApJL, 415, L43
Spergel, D., Gehrels, N., Baltay, C., et al. 2015, arXiv
e-prints, arXiv:1503.03757
Spurzem, R., Giersz, M., Heggie, D. C., & Lin, D. N. C.
2009, ApJ, 697, 458
Strader, J., Chomiuk, L., Maccarone, T. J., Miller-Jones,
J. C. A., & Seth, A. C. 2012, Nature, 490, 71
Sumi, T., Abe, F., Bond, I. A., et al. 2003, ApJ, 591, 204
Thorsett, S. E., Arzoumanian, Z., Camilo, F., & Lyne,
A. G. 1999, ApJ, 523, 763
Udalski, A., Szyman´ski, M. K., & Szyman´ski, G. 2015,
AcA, 65, 1
Umbreit, S., Fregeau, J. M., Chatterjee, S., & Rasio, F. A.
2012, ApJ, 750, 31
van Saders, J. L., & Gaudi, B. S. 2011, ApJ, 729, 63
van Velzen, S. 2018, ApJ, 852, 72
Vanderburg, A., Johnson, J. A., Rappaport, S., et al. 2015,
Nature, 526, 546
Veras, D., Crepp, J. R., & Ford, E. B. 2009, ApJ, 696, 1600
Veras, D., Mustill, A. J., Ga¨nsicke, B. T., et al. 2016,
MNRAS, 458, 3942
Weatherford, N. C., Chatterjee, S., Rodriguez, C. L., &
Rasio, F. A. 2018, ApJ, 864, 13
Weldrake, D. T. F., Sackett, P. D., Bridges, T. J., &
Freeman, K. C. 2005, ApJ, 620, 1043
Winn, J. N., & Fabrycky, D. C. 2015, ARA&A, 53, 409
Ye, C. S., Kremer, K., Chatterjee, S., Rodriguez, C. L., &
Rasio, F. A. 2019, arXiv e-prints, arXiv:1902.05963
Zuckerman, B., Melis, C., Klein, B., Koester, D., & Jura,
M. 2010, ApJ, 722, 725
